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The existence of a protein with RF activity in eukary-The termination of protein synthesis takes place on the
otes was demonstrated some twenty years ago in rabbitribosomes as a response to a stop, rather than a sense
reticulocytes (Konecki et al., 1977). After two decadescodon in the ’decoding’ site (A site). Translation termina-
of investigation, a eukaryotic protein family with thetion requires two classes of polypeptide release factors
properties of RFs, designated eRF-1, was discovered(RFs): one, codon-specific (RF-1 and RF-2 in prokary-
(Frolova et al., 1994). It includes a Sup45 protein ofotes; eRF-1 in eukaryotes) and the other, non-specific
Saccharomyces cerevisiae that is involved in suppres-(RF-3 in prokaryotes; eRF-3 in eukaryotes). The underly-
sion of three nonsense codons (i.e., omnipotent sup-ing mechanism for translation termination represents a
pression) during translation (reviewed by Stansfield andlong-standing coding problem of considerable interest.
Tuite, 1994). A GTP requirement for polypeptide releaseIt entails protein–RNA recognition instead of the well-
was also demonstrated in rabbit reticulocytes (Koneckiunderstood codon–anticodon pairing during the mRNA–
et al., 1977). Eukaryotic counterparts of bacterial RF-3tRNA interaction (reviewed by Tate and Brown, 1992).
were identified recently and are referred to as eRF-3The fact that two RFs from bacteria (RF-1, UAG/UAA
(Zhouravleva et al., 1995). The eRF-3 family includes a
specific; RF-2, UGA/UAA specific) exhibit codon speci-
Sup35 protein of S. cerevisiae that carries G-domain
ficity suggests that they must interact directly with the
motifs and is involved in omnipotent suppression of
codon. This model is supported by protein–RNA cross-
nonsense codons (Stansfield and Tuite, 1994). Like bac-
linking data that provide evidence for close contact be-
terial RF-3, the loss of Sup35 increases misreading of
tween the stop codon and RF (Tate and Brown, 1992,
stop codons, and an excess of Sup35 in concert with
and references therein). Important clues to the mecha-
Sup45 stimulates polypeptide termination. Unlike RF-3
nism of stop codon recognition and polypeptide termi-
in bacteria, however, Sup35 is essential for cell growth
nation are now emerging as a result of the identification
of yeast. It is likely that most of the essential players of
of the RF-encoding genes, functional studies of mu-
polypeptide termination have now appeared on stage.
tants, and the high-level expression of the correspond- RF-tRNA Molecular Mimicry
ing gene products for biochemical analysis. Upon accumulation of RF sequences from different or-
ganisms, conserved protein motifs have been recog-
Polypeptide Release Factors nized in prokaryotic and eukaryotic RFs, as well as in
The genes encoding bacterial RF-1 (prfA) and RF-2 the C-terminal portion of elongation factor EF-G, a trans-
(prfB) have been identified. Mutations in these genes locase protein that forwards peptidyl tRNA from the A
often cause misreading of stop signals, increased site to the P site on the ribosome (Ito et al., 1996) (Figure
frameshifting, or temperature-sensitive growth of the 1). The three-dimensional structure of Thermus ther-
cells (Nakamura et al., 1995, and references therein). mophilus EF-G is comprised of six subdomains; do-
One nonsense codon allele (supK584 [UGA]) in the Sal- mains III-V (the C-terminal portion) appear to mimic the
monella RF-2 gene fails to terminate translation effi- shapes of the acceptor stem, the anticodon helix, and
ciently and allows misreading of UGA to some extent the T stem of tRNA, respectively (Nissen et al., 1995,
(i.e., autogenous suppression). The decrease in the cel- and references therein) (Figure 2). Furthermore, it ap-
lular level and efficiency of RFs, therefore, leads to in- pears that an RF region shares homology with domain
creased translational readthrough as the result of an IV of EF-G, thus constituting a ’tRNA-mimicry’ domain
abnormally longpausing of ribosomes at the stop signal. necessary for RF binding to the ribosomal A site (Ito et
A third factor, RF-3, is known to stimulate the activities al., 1996). This resemblance between a part of EF-G (or
of the other two factors and to bind guanine nucleotides, RF) and tRNA represents a novel concept of molecular
but is not codon-specific (Goldstein and Caskey, 1970, mimicry between nucleic acid and protein.
and references therein). Unlike RF-1 and RF-2, RF-3 has This model of a tRNA-mimicry domain in the RF pro-
received little attention since its initial characterization tein structure suggests that RFs have the ability to rec-
in the 1970’s; its biological significance in protein syn- ognize the stop codon through an anticodon-mimicry
thesis has been a long-standing puzzle. After two de- element in the protein. Site-directed mutagenesis of
amino acids in the bacterial RF-2 region equivalent tocades of silence, the gene for RF-3 was discovered
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Figure 1. Conserved RF Motifs, tRNA-Mim-
icry Domains, and Mutations
domain IV of EF-G highlighted two residues; their alter- G-Domain-Dependent Conformation Switch
during Terminationations are toxic to cells (dominant lethal) and induce
abnormal termination at sense codon(s) (Ito et al., 1996) Analogous to the initiation and elongation steps of trans-
lation, the termination step involves hydrolysis of GTP(Figure 1). The amino acids in EF-G equivalent to these
residues are topologically equivalent to the anticodon to GDP by RF-3 or eRF-3. Because the basic function
of the G domain is to switch the protein conformationloop of tRNA (Figure 2). However, there is a small but
significant difference in topology between the tRNA anti- between two alternative states, we assume that GTP
stimulates binding of RF-3 to ribosomes (ON-state),codon loop and the EF-G counterpart moiety (Nissen et
al., 1995), perhaps reflecting the fact that tRNAs (and whereas GDP dissociates the complexes (OFF-state).
In fact, site-directed alterations of conserved RF-3RFs) are responsive to specific codons while EF-G is not.
Given that the reported two RF-2 residues determine the G-domain residues affect polypeptide termination and
exert dominant negative lethality, suggesting that theprotein’s anticodon mimicry, it would be interesting to
confer codon specificity on EF-G by micro-domain G-domain switch of mutant RF-3 proteins is locked in
a single state of the catalytic cycle (Nakamura et al.,swapping between RFs and EF-G or by site-directed
mutagenesis. These approacheswill give a better under- 1995).
The yeast termination factor eRF-3, Sup35, is a non-standing of the codon–amino-acid pairing rules for
tRNA-mimic proteins. Mendelian prion-like element called [psi1] that was
uncovered some thirty years ago as a modifier of tRNA-Whereas RF-1 and RF-2 are similar to the C-terminal
domain of EF-G, mimicking tRNA, RF-3 is similar to the mediated nonsense suppression in S. cerevisiae (re-
viewed by Stansfield and Tuite, 1994). Sup35 has severalN-terminal domains of EF-G and to EF-Tu. Therefore,
the RF-1/2–RF-3 complex, if formed appropriately, re- N-terminal tandem peptide repeats with the consensus
to other prion proteins of mammals. Transient overex-sembles EF-G or the EF-Tu–GTP–aminoacyl-tRNA ter-
nary complex (Ito et al., 1996). The three-dimensional pression of the wild-type SUP35 gene results in the de
novo appearance of the corresponding [psi1] pheno-structure of the ternary complex of Phe-tRNA, Thermus
aquaticus elongation factor EF-Tu, and the non-hydro- type, revealing that the [psi1] factor is a self-modified
protein analogous to mammalian prions. Moreover,lyzable GTP analog, GDPNP, is almost completely su-
perimposable on the EF-G–GDP complex, suggesting chaperone proteins such as Hsp104 can cure cells of
prions without affecting viability (Chernoff et al., 1995).common structural requirements for their function on
the ribosome (Nissen et al., 1995) (Figure 2). In fact, Sup35 is now known to assume two functionally
Figure 2. The Structures of EF-G–GDP
(Left) and EF-Tu–GDPNP–Phe-tRNAPhe
(Right)
Domain II in EF-G was superimposed on
the corresponding domain II in EF-Tu and
the structures are shown side by side in
a schematic representation. The overall
shape of the structures is highly similar.
Amino acid positions equivalent to puta-
tive anticodon-mimicry residues in RF-2
are shown by arrows (Ito et al., 1996). This
figure was kindly generated by S. Al-Kara-
daghi, A. Ævarsson, and A. Liljas.
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in the same ribosomal pocket as the EF-Tu ternary com-
plex. Several of the molecular components of this bind-
ing pocket have now been identified, providing molecu-
lar explanations for the codon context effects (Bjo¨rnsson
et al., 1996; Zhang et al., 1996).
The release factor complex binds and interacts with
both ribosomal RNA and proteins. Besides parts of the
ribosome itself, the ribosomal A-site pocket should con-
sist of the exposed codon, close to base 1400 of the
16S rRNA at the bottom of the intersubunit ribosomal
cavity (reviewed by Tate et al., 1996). The P-site tRNA
can affect A-site decoding by the EF-Tu ternary complex
suggesting a tRNA–tRNA interaction (Yarus and Curran,
1992, and references therein). However, effects by P-site
tRNAs differ in strains with mutant or wild-type forms
of RF-1, suggesting that the termination complex also
interacts with the P-site tRNA. This interaction between
RF and theP-site tRNA can in some casesbe affected by
Figure 3. Molecular Mimicry and Interplay in Translation the nature of the P-site tRNA wobble anticodon–codon
This cartoon represents translational readthrough/termination upon base pair. In other cases this tRNA itself seems to be
binding of EF-Tu ternary complex or RF complex to a ribosomal involved (Zhang et al., 1996). These data suggest that
A-site pocket. Broken arrows indicate functional interplays.
RF-1 is in close contact with the ribosomal P site and
directly recognizes the stop codon at the A site, as has
also been found in vitro (Tate and Brown, 1992, and
distinct conformations which differentially influence the references therein). The P-site tRNA thus seems to con-
efficiency of translation termination (Patino et al., 1996). stitute another surface of a common A-site pocket for
The biological meaning of the prion-like property of the EF-Tu ternary complex and RF (Figure 3).
Sup35 represents another fascinating aspect of the role The mRNA sequence immediately downstream of the
of translation termination factors. stop codon is important for termination efficiency. In E.
Codon Context in Translation Termination coli, a U base seems to interact directly with RF-1 (Yarus
The overall process of translation termination highly re- and Curran, 1992), thus making termination more effi-
sembles the elongation process, except that a stop co- cient. Conversely, an A as the first base downstream
don, instead of a sense codon, is decoded at the A site of the stop codon gives inefficient termination. Thus,
of the ribosome (Figure 3). The molecular mimicry found termination is ruled by a signal of four bases instead of
between the EF-Tu ternary complex and the RF-1/2–RF- the three that constitute the termination codon itself
3–GTP complex makes it likely that both complexes fit (Poole et al., 1995) (Figure 3). In addition to the codon
into a similar pocket in the ribosome during decoding upstream (location 21) of the stop codon, the nature of
(Figure 3). The ribosome takes an active part during the 22 codon also affects termination efficiency (Bjo¨rns-
translation of both sense and stop codons (Tate and son et al., 1996, and references therein). The tRNA that
Brown, 1992). The ribosomal A-site decoding center at corresponds to the 22 codon has been translocated to
the bottom of the intersubunit cavity is opened upon the ribosomal E site and should not be in the immediate
starvation for aminoacyl-tRNA (O¨fverstedt et al., 1994). vicinity of the stop codon at the A site. Even though a
Ribosomes that reach a stop codon probably undergo change of the 22 codon can result in a thirty-fold effect,
a similar conformational change to expose the A site it can not be correlated to any property of the codon
with the stop codon for RF interaction. If this interaction itself or to its corresponding tRNA. Instead, the penulti-
is slow, the exposed stop codon can be recognized by mate amino acid at the C-terminal end of the nascent
a near-cognate tRNA in competition with RF, giving an peptide, which corresponds to the 22 codon, is the
elongated protein as a readthrough product. Therefore, important factor (Figure 3). Termination at the UGAA
measurement of translational readthrough serves as a stop signal is more efficient if this amino acid is basic
sensitive indicator of the relative efficiency of the termi- or has a hydrophilic character (Bjo¨rnsson et al., 1996,
nation process in relation to the EF-Tu-mediated read- and references therein).
through event. In addition to the P-site tRNA that seems to interact
Termination/readthrough at a stop codon is sensitive with RF, the corresponding last amino acid in the na-
to the flanking codons. Such a codon-context effect, scent peptide also influences termination efficiency.
although much smaller, has also been found for the Thus, a correlation can be found between a high propen-
decoding of sense codons by a missense suppressor sity of this amino acid to participate in ordered struc-
tRNA in competition with the cognate tRNA (reviewed tures (a-helix, b-strand) and efficient termination at
by Tate et al., 1996). The nonsense codon context effect UGAA. Even the size of its side chain seems to be impor-
suggests that the RF complex or the competing EF-Tu tant, because readthrough by a wild-type or suppressor
ternary complex with the near-cognate tRNA, or both, form of tRNATRP is affected differently depending on
are sensitive to the neighboring codon(s) in a direct or whether the last amino acid in the nascent peptide is
large or small (Bjo¨rnsson et al., 1996, and referencesindirect manner. Available data suggest that RF binds
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(1995). Biochem. Cell Biol. 73, 1113–1122.
Inefficient termination will lead to production of an elon-
Nissen, P., Kjeldgaard, M., Thirup, S., Polekhina, G., Reshetnikova,
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gene product, it could provide a positive regulatory role L.A. (1994). Cell 79, 629–638.
(Tate and Brown, 1992) or alternatively could disturb cell Patino, M.M., Liu, J.-J., Glover, J.R., and Lindquist, S. (1996). Sci-
physiology and decrease growth rate. Perhaps more ence 273, 622–626.
important for bacterial growth is the need to recycle Poole, E.S., Brown, C.M., and Tate, W.P. (1995). EMBO J. 14, 151–
ribosomes without delay after synthesis of the protein 158.
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RF is a slow process (Yarus and Curran, 1992, and refer- Tate, W.P., and Brown, C.M. (1992). Biochemistry 31, 2443–2450.
ences therein) and it is possible that a relatively high Tate, W., Poole, E.S., and Mannering, S.A. (1996). In Progress in
fraction of the ribosomal pool is bound to the stop co- Nucleic Acid Research and Molecular Biology, W.E. Cohn and K.
Moldave, eds. (Academic Press Inc.) vol 52, pp. 293–335.don. Rapid recycling of ribosomes should be of crucial
Yarus, M., and Curran, J. (1992). In Transfer RNA in Protein Synthe-importance for quickly-growing bacteria.
sis, D.L. Hatfield, B.Y. Lee, and R.M. Pirtle, eds. (Voca Raton: CRCRecycling
Press), pp. 319–365.Most textbooks end the description of protein synthesis
Zhang, S., Ryde´n-Aulin, M., and Isaksson, L.A. (1996). J. Mol. Biol.with the RF-mediated release of the completed poly-
261, 98–107.peptide chain from the peptidyl tRNA. This is a gross
Zhouravleva, G., Frolova, L., Le Goff, X., Le Guellec, R., Inge-Vechto-oversight because there is an additional crucial step in
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composition of the termination complex (Hirashima and
Kaji, 1970). In bacteria, this process requires a ribosome
recycling factor (RRF, originally called ribosome releas-
ing factor; Janosiet al., 1994). This process is fundamen-
tal because the gene for RRF is essential for cell growth
and the living cell must reuse the ribosome, RF, and
tRNA for the next round of protein synthesis.
Where does RRF bind and how does it work? Upon
release of the polypeptide chain, the ribosomal A site
remains occupied with a tRNA-mimicking RF protein. A
translocase is probably required to forward deacylated
tRNA and RF to the E and P sites of the ribosome,
respectively. We speculate that RF-3 or EF-G may cata-
lyze this final translocation reaction. RRF is known to
act invitro ona complex of mRNA with ribosomes having
an empty A site and bound deacylated tRNA at the P
site (Hirashima and Kaji, 1970). Therefore, it is tempting
to speculate that RRF also has a tRNA-mimicry domain
for binding to the A site of the ribosome. The mechanism
of decomposition of the termination complex by RRF
and the eukaryotic RRF proteins remains to be investi-
gated.
